Inflammation-related dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis is central to the course of systemic inflammatory response syndrome or sepsis. The underlying mechanisms, however, are not well understood. Initial activation of adrenocortical hormone production during early sepsis depends on the stimulation of hypothalamus and pituitary mediated by cytokines; in late sepsis, there is a shift from neuroendocrine to local immuneadrenal regulation of glucocorticoid production. Therefore, the modulation of the local immune-adrenal cross talk, and not of the neuroendocrine circuits involved in adrenocorticotropic hormone production, may be more promising in the prevention of the adrenal insufficiency associated with prolonged sepsis. In the present work, we investigated the function of the crucial Toll-like receptor (TLR) adaptor protein myeloid differentiation factor 88 (MyD88) in systemic and local activation of adrenal gland inflammation and glucocorticoid production mediated by lipopolysachharides (LPSs). To this end, we used mice with a conditional MyD88 allele. These mice either were interbred with Mx1 Cre mice, resulting in systemic MyD88 deletion, predominantly in the liver and hematopoietic system, or were crossed with Akr1b7 Cre transgenic mice, resulting thereby in deletion of MyD88, which was adrenocortical-specific. Although reduced adrenal inflammation and HPAaxis activation mediated by LPS were found in Mx1
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Cre+ -MyD88 fl/fl mice, adrenocortical-specific MyD88 deletion did not alter the adrenal inflammation or HPA-axis activity under systemic inflammatory response syndrome conditions. Thus, our data suggest an important role of immune cell rather than adrenocortical MyD88 for adrenal inflammation and HPA-axis activation mediated by LPS.
adrenal gland insufficiency | Toll-like receptors | the HPA axis S epsis and septic shock are major causes of death in intensivecare units worldwide and show an increasing incidence (1) . In sepsis, excessive, uncontrolled activation of the immune system is harmful to the host and leads to multiorgan failure and death. Adrenal glucocorticoid production plays a beneficial role in response to systemic inflammation by counteracting hyperactivation of the immune system. However, in many critically ill patients, this homeostatic activation of adrenocortical hormone secretion is impaired (2) . It has been estimated that 60% of critically ill patients show an abnormal adrenal glucocorticoid response to administration of exogenous adrenocorticotropic hormone (ACTH) (3) .
Adrenal hormone production in sepsis is thought to be regulated by cytokines that elevate hypothalamic corticotropin releasing hormone (CRH) levels. CRH, in turn, produces the release of pituitary ACTH-the main regulator of synthesis of adrenal glucocorticoid hormones (4) . It is generally accepted that patternrecognition receptors such as Toll-like receptors (TLRs) play a substantial role in hypothalamic-pituitary-adrenal (HPA) axis activation induced by pathogens. This activation, in turn, may be attributable to functions of these receptors on both myeloid and nonmyeloid cells (e.g., endothelial cells of the blood-brain barrier) (5) . Furthermore, besides activation of immune cells, bacterially derived TLR ligands, such as lipopolysaccharides (LPSs), can directly affect both neuronal cells (6) and steroidproducing cells in the adrenal gland (7) .
Although most LPS actions on adrenal-gland glucocorticoid production have been attributed to activation of HPA axis by cytokines at the level of the hypothalamus and pituitary gland, a critical involvement of an intrinsically regulated immune-adrenal cross talk has also been implicated. In fact, we and others have demonstrated that adrenocortical cells express several TLRs and secrete multiple proinflammatory cytokines such as tumor necrosis factor (TNF) and interleukin (IL)6 in response to bacterial endotoxin stimulation (7) . Using mice deficient in either TLR2 or TLR4, we demonstrated a critical function of these receptors as regulators of the immune-adrenal cross talk during LPSmediated systemic inflammation. The absence of these receptors correlates with increased basal levels of either ACTH (for TLR2) or corticosterone (for TLR4) and impaired adrenal glucocorticoid responses to injection of LPS (8, 9) . However, the exact contributions of the TLRs on different cell types to inflammation-mediated adrenal dysfunction as well as to activation of HPA axis are not entirely clear. Furthermore, because both TLR2 and TLR4 were shown to be involved in early neurogenesis
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(10), the deficiency of these receptors from the very early developmental stage might potentially influence the basal function of the HPA axis. Myeloid differentiation factor 88 (MyD88) is a central component of the signaling pathway of TLRs, promoting nuclear factor kappa B (NF-κB) activation in response to LPS or IL1 β. Thus, blocking of MyD88-dependent signaling in a cellspecific manner represents an attractive experimental tool to address the aforementioned issue.
These data and observations prompted us to investigate the role of systemic and local adrenal TLR signaling in the activation of the adrenal glucocorticoid response to stress and regulation of the immune-adrenal cross talk during the systemic inflammatory response syndrome (SIRS) phenomenon. Our results suggest that immune cells, rather than adrenal cells, are the major regulators of the systemic and intraadrenal inflammatory response to LPS. However, the full HPA axis activation in SIRS is not entirely dependent on systemic TLR signaling.
Results

Generation of Mice with Adrenocortical Cell-Specific and General
Inactivation of TLR Signaling. To investigate the role of the intact TLR signaling required for proper activation of adrenal steroidogenesis in the course of SIRS mediated by LPS, within different compartments of the adrenal microenvironment, we crossed mice with the myd88 flox allele with mice carrying either aldo-keto reductase 1B7 (Akr1b7)
Cre transgene (which allows MyD88 deletion in adrenocortical cells) (11) or myxovirus resistance 1 (Mx1)
Cre transgene (which results in major MyD88 deletion in the liver and hematopoietic cells, with minor deletion in other tissues) (12) . The reduction of MyD88 expression was assessed by Western blot of splenic tissue of Cre-positive and littermate Cre-negative Mx1
Cre -MyD88 fl/fl mice ( Systemic (Not Adrenocortical Cell-Specific) MyD88 Deficiency Results in Impaired Activity of HPA Axis During SIRS Induced by LPS. Previous studies demonstrated a critical involvement of TLR2, TLR4, and MyD88 in adrenal glucocorticoid production and in the regulation of immune-adrenal cross talk in response to bacterial endotoxin. However, these studies did not delineate the contribution of the immune system versus the steroid-producing cells of the adrenal gland in endotoxin-mediated induction of glucocorticoid production (9, 13) . LPS (1 mg per kg of body weight, i.p.) was administered to both Mx1
Cre -MyD88 fl/fl and Akr1b7 CreMyD88 fl/fl mice and their corresponding Cre-negative littermates. Three and 24 h after injection, mice were killed, and activation of HPA axis was elucidated by the determination of plasma levels of both ACTH and corticosterone. Our results revealed that systemic (Fig. 2 A and C) , but not adrenocortical cell-specific ( Fig. 2 B and D) , TLR signaling is critical for proper activation of corticosterone and ACTH production at 3 h post LPS administration. Interestingly, the LPS-mediated activation of the HPA axis, although significantly reduced, was not completely abolished in Mx1
Cre -MyD88 fl/fl animals ( Fig. 2 A and C) .
Systemic but Not Local Adrenal TLR Signaling Is Involved in the LPS-
Mediated Neutrophil Infiltration into Adrenal Gland. We then gauged neutrophil infiltration into adrenal glands during LPSinduced systemic inflammation by performing real-time PCR analysis of the neutrophil gene marker peptidoglycan recognition protein (PGRP) (14) . LPS induced a rapid infiltration of neutrophils into the adrenal gland. Interestingly, systemic ( Fig. 3A) but not adrenocortical-cell specific (Fig. 3B ) deletion of MyD88 was associated with significantly reduced neutrophil infiltration into the adrenal gland at 3 h after LPS injection. Previously, we had demonstrated that neutrophil infiltration into the adrenal gland is associated with an elevation of the granulocyteattracting chemokine (C-X-C motif) ligand 2 (CXCL2) (14) . Consistent with the reduced LPS-induced neutrophil infiltration to the adrenal gland of Mx1 Cre+ -MyD88 fl/fl mice, CXCL2 was also significantly decreased in these mice (Fig. 3C) . In contrast, adrenocortical deletion of MyD88 in Cre-positive 
Akr1b7
Cre -MyD88 fl/fl mice did not alter either neutrophil infiltration (Fig. 3B ) or CXCL2 expression (Fig. 3D ) in their adrenal glands after LPS injection. In addition, the expression of the monocyte-specific chemokine CCL2 was not affected by inactivation of either systemic or adrenocortical cell specific MyD88 (Fig. S1 ). Taking these together, and given that the predominant MyD88 deletion in Mx1
Cre transgenic mice is in the liver and hematopoietic cells, and that reduced neutrophil recruitment to the adrenal glands is seen in Mx1
Cre+ -MyD88 fl/fl mice, our data imply that the MyD88 in immune cells rather than that in adrenocortical cells is responsible for the immune-adrenal cross talk within the adrenal microenvironment.
General but Not Adrenocortical-Specific MyD88 Deficiency Is Associated with Reduced Adrenal Gland Inflammation After LPS Administration.
Immune-adrenal cross talk may regulate LPS-induced adrenal steroidogenesis. In particular, a critical role for macrophagederived IL1 β and prostaglandin E 2 (PGE 2 ) in the initial, and IL6 in the sustained, activation of adrenal glucocorticoid production has been demonstrated (15) . Therefore, we next examined the expression of IL1 β and IL6 in the adrenal glands of those mice carrying an adrenocortical-specific MyD88 deletion (Akr1b7 Cre -MyD88 fl/fl mice compared with Cre-negative animals ( Fig. 4 A and C) . Similar to the results with the studies on IL1 β or IL6 gene expression, the peripheral plasma levels of IL1 β and IL6 were reduced in Cre-positive Mx1
Cre -MyD88 fl/fl mice (Fig. 4 C and G) . In contrast, no differences in adrenal IL1 β and IL6 expression, or in the plasma levels of these cytokines, were observed to result from adrenocortical MyD88 deficiency (Fig. 4 B, D, F, and H) . Thus, we conclude that an intact MyD88 signaling in immune cells mediates the local immune-adrenal cross talk and adrenal inflammation.
Discussion
A hallmark of experimental models of endotoxemia is the activation of the HPA axis, which leads to release of glucocorticoids (4) . A large part of this response of the CNS to LPS has been attributed to the action of cytokines and other acute phase reactants; however, the cellular origin of these inflammatory mediators is still controversial (5, 16, 17) . In addition to the central activation of HPA axis in the course of SIRS and sepsis, a local immune-adrenocortical cross talk may also contribute to modulation of systemic levels of glucocorticoids (18) . In this context, we have demonstrated in our previous studies that either systemic TLR2 or TLR4 deficiency is associated with an enlargement of the adrenal cortex and results in a reduced response to bacterial endotoxin by adrenal glucocorticoids. This observation suggests that TLRs not only are involved in the initial HPA axis activation, but also are critically involved in the regulation of the immune-adrenocortical cross talk within the adrenal gland (8, 9) .
A major, yet unanswered, question resulting from these observations is whether TLR signaling in adrenocortical cells or in other cells of the adrenal microenvironment, including recruited leukocytes, regulates adrenal steroidogenesis, adrenal inflammation, and immune-adrenal cross talk during SIRS. Our present study addresses this question by using mice with adrenocortical cellspecific inactivation of MyD88, the major component of TLR The results showed that, 3 h after LPS injection, mice with general deletion of MyD88 (A and C) but not mice with specific adrenocortical cell deletion of MyD88 (B and D) demonstrate an impaired glucocorticoid and ACTH response to LPS injection. ***P < 0.001; **P < 0.01; *P < 0.05. n ≥ 6 animals were used in each group. Results are presented as means ± SEM.
signaling (19) , and mice wherein MyD88 is deleted by using the Mx1 Cre transgene, which leads to inactivation of TLR signaling, predominantly in hematopoietic cells and the liver. Surprisingly, and partially in contrast to previous studies in adrenocortical cell cultures in vitro that have implicated TLR-signaling in the regulation of steroidogenesis (20) , this study revealed no contribution of adrenocortical MyD88 to the systemic HPA activation or to the local immune-adrenal cross talk within the adrenal microenvironment in LPS-induced inflammation. On the other hand, our findings with these Mx1
Cre -MyD88 fl/fl mice strongly suggests that MyD88 in immune cells recruited to the adrenal gland dictates the local immune-adrenal cross talk, whereas MyD88 in immune cells and likely also in the liver regulates HPA axis activity during SIRS. These conclusions are supported by the following observations: (i) MyD88 inactivation by the Mx1 Cre transgene, but not the adrenocortical-specific Cre transgene, resulted in a decreased secretion of both ACTH and corticosterone in response to bacterial endotoxin. That is, inactivation of MyD88 reduced HPA axis activity. (ii) Mice without MyD88 in their hematopoietic cells displayed reduced LPS-mediated, inflammation-triggered neutrophil recruitment to the adrenal gland and also displayed decreases in both the levels of proinflammatory cytokines and chemokines in the adrenal gland, and also in the circulation. None of these processes was altered by the absence of MyD88 in adrenocortical cells. In other words, MyD88 in hematopoietic cells drives inflammatory cell recruitment in the adrenal gland in the course of SIRS and instigates the local immune-adrenal cross talk that may modulate the adrenal dysfunction occurring during systemic inflammation. However, generation of mice with MyD88 deletion only in the hematopoietic cells would be necessary to fully ensure the exclusive involvement of the immune cells in this process.
In contrast to mice with complete MyD88 deficiency (13), deletion of MyD88 only in the hematopoietic and liver compartments did not show complete abolition of HPA axis activation by LPS. This observation suggests an additional contribution of other cells, possibly endothelial cells, in this process (5) . This fact is in accord with studies evaluating HPA axis activity mediated by LPS in irradiated chimeric mice having bone marrow transfer either from wild-type or TLR4-insufficient HeJ mice (21) . Another possible explanation for these findings, wherein MyD88 is deleted only in the liver and hematopoietic compartments, is that, despite the high degree of MyD88 deletion in the liver and immune cells by the Mx1 Cre transgene, this deletion is incomplete (i.e., a small level of MyD88 expression was still detected) (12, 22) . This result thus demands extra care when interpreting these data.
We and others have shown the critical involvement of proinflammatory cytokines (23, 24) , TLRs (25) , immune cells, and endothelial cells (14, 15) in the regulation of the immuneadrenal cross talk during endotoxemia. Within the local adrenal microenvironment, the immune and steroid-producing cells may influence each other´s function either through direct cell-cell interactions or, in a paracrine fashion, through secreted factors (26) . Our present data show that MyD88-dependent signaling in immune cells, likely recruited to the adrenal gland in the course of endotoxemia, regulates the levels of IL1 β (27) or of IL6 (28) in the adrenal gland. The attenuated expression of both IL1 β and IL6 cytokines in the adrenal glands of Crepositive Mx1
Cre -MyD88 fl/fl mice in the course of SIRS is in accordance with previous studies demonstrating that these immune cells are the primary cell types, within the adrenal microenvironment, that secrete and respond to IL1 β during LPS challenge (15) .
In the present study, using genetically modified mice with hepatic and myeloid-specific inactivation of TLR signaling or mice with adrenocortical-specific MyD88 deletion, we found that Fig. 3 . Systemic but not local adrenocortical cell-specific TLR signaling is involved in the LPS-mediated neutrophil infiltration into adrenal gland. A real-time PCR analysis of neutrophil gene marker PGRP and neutrophil-specific chemokine CXCL2 revealed that (A) systemic but not (B) adrenocortical cell-specific inactivation of TLR signaling within the adrenal microenvironment resulted in decreased leukocyte infiltration into adrenal glands during LPS-induced systemic inflammation. Furthermore, reduced neutrophil infiltration into adrenal glands of (C) Mx1
Cre+ -MyD88 fl/fl mice (black bars) was associated with reduced LPS-mediated up-regulation of granulocyte-specific CXCL2 chemokine in the adrenal glands from these animals. In contrast, in mice with (D) adrenocorticalspecific deletion of MyD88 (gray bars) and in control animals (open bars), no difference was found. Results are presented as means ± SEM; *P < 0.05.
systemic, but not adrenocortical, MyD88 deletion affected HPA axis activity in SIRS. We also showed that immune cells, rather than steroid-producing cells, are the major regulators of the immune-adrenal cross talk. However, activation of HPA axis in the course of SIRS is not fully dependent on systemic TLR signaling, an observation that requires further investigation to elucidate the exact and additional underlying mechanisms of the cross talk between the immune system and HPA axis. ; black bars). In contrast, LPS-modulated (B and F) adrenal and (D and H) plasma IL1 β and IL6 expression did not differ between mice with specific inactivation of TLR signaling in the adrenocortical cells (gray bars) and the respective Cre-negative littermates (open bars). Results are presented as means ± SEM; ***P < 0.001; *P < 0.05. mice intraperitoneally every second day for 5 consecutive days. LPS injection was carried out 2 wk after the last Poly I:C injection. fl/fl mice, respectively, were lysed in M-tissue cell lytic reagent (SigmaAldrich), and total protein content was determined using the BCA method (Pierce, Thermo Scientific). Equal amounts of these proteins were separated on 10% SDS/PAGE gels and then transferred onto nitrocellulose membranes. After blocking, these membranes were incubated overnight at 4°C with an antibody specific for MyD88 (Cell Signal Technology). After washing, the membranes were incubated for 1 h with HRP-conjugated goat anti-rabbit IgG. Signals were measured using SuperSignal West Femto substrate (Pierce, Thermo Scientific). After visualization, the membranes were stripped with 2% NaOH and incubated overnight with monoclonal anti-β-actin antibody (Merck/Millipore). Densitometric analysis of identified Western blot bands was performed using Image J software (National Institutes of Health).
SIRS.
RNA Isolation and RT-PCR. RNA from different mouse and human tissues was isolated using RNeasy Plus Mini kit (Qiagen) according to the manufacturer's instructions. One microgram of RNA was then reverse transcribed using iScript RT kit (Bio-Rad) according to the manufacturer's protocol. One microliter of cDNA per reaction was used for further PCR analysis.
Real-Time PCR. Mouse IL1 β, IL6, PGRP, CXCL2, and CCL2 mRNA expression was determined using the Quantitec SYBR PCR Master Mix (Qiagen) and was expressed relative to 18S RNA levels as internal control. The amplification protocol consisted of a denaturation step at 95°C for 7 min, followed by 40-45 cycles with a 95°C denaturation step for 15 s, an annealing step at 60°C for 20 s, and the extension step at 72°C for 15 s. The expression of all genes was determined using Bio-Rad CFX 384 Real-Time System (Bio-Rad) and was analyzed using the comparative CT method (29) . Primer sequences were adopted from Kanczkowski et al. (14, 30) .
Statistical Analysis. Data were evaluated by t test for independent samples ( Fig. 1 C and D) or with two-way ANOVA (Figs. 2-4 and Fig. S1 ) using the GraphPad Prism program version 5.03 (GraphPad Software Inc.). P values of less than 0.05 were considered significant.
